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Abstract

The use of designed antimicrobial peptides as drugs has been impeded by the absence of simple sequence-structure—func-
tion relationships and design rules. The likely cause is that many of these peptides permeabilize membranes via highly dis-
ordered, heterogeneous mechanisms, forming aggregates without well-defined tertiary or secondary structure. We suggest
that the combination of high-throughput library screening with atomistic computer simulations can successfully address
this challenge by tuning a previously developed general pore-forming peptide into a selective pore-former for different lipid
types. A library of 2916 peptides was designed based on the LDKA template. The library peptides were synthesized and
screened using a high-throughput orthogonal vesicle leakage assay. Dyes of different sizes were entrapped inside vesicles
with varying lipid composition to simultaneously screen for both pore size and affinity for negatively charged and neutral lipid
membranes. From this screen, nine different LDKA variants that have unique activity were selected, sequenced, synthesized,
and characterized. Despite the minor sequence changes, each of these peptides has unique functional properties, forming
either small or large pores and being selective for either neutral or anionic lipid bilayers. Long-scale, unbiased atomistic
molecular dynamics (MD) simulations directly reveal that rather than rigid, well-defined pores, these peptides can form a
large repertoire of functional dynamic and heterogeneous aggregates, strongly affected by single mutations. Predicting the
propensity to aggregate and assemble in a given environment from sequence alone holds the key to functional prediction of
membrane permeabilization.
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Introduction

Recent years have seen a renewed interest in antimicro-
bial peptides (AMPs) as potential successors to small-
molecule antibiotics (Lazzaro et al. 2020; Chen and Lu
2020; Lei et al. 2019; Lee et al. 2019; Biswaro et al. 2018;
Magana et al. 2020; Cardoso et al. 2019; Huang 2020).
The advantages of AMPs are clear: peptides are getting
cheaper to synthesize on an industrial scale (Simon et al.
2014; Mijalis et al. 2017; Cao et al. 2018; Wibowo and
Zhao 2019; Hartrampf et al. 2020), offer a near infinite
chemical repertoire to target different species and cellular
processes (Guha et al. 2019), and can be rapidly screened
using high-throughput methodologies (Rathinakumar and
Wimley 2008; Carney et al. 2017; Vinogradov et al. 2017,
Quartararo et al. 2020). AMPs are also proven, being a
ubiquitous part of the innate immune defense of most
branches of life. Although some AMPs are toxic to mam-
malian cells, many of these amphiphilic peptides selec-
tively target and kill bacteria at low micromolar concen-
trations without harming host cells (Zasloff 1987; Lehrer
et al. 1989; Yeaman and Yount 2003; Chen et al. 2020a).
Sequence analysis of > 3000 of known AMPs reveal a wide
variation in amino acid composition, peptide length, and
secondary structure; however, no clear functional motifs
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associated with antimicrobial activity have been identified
to date, impeding rational optimization and de novo design
(Mishra and Wang 2012; Chen et al. 2019; Chen and Lu
2020; Ablan et al. 2016). Despite this, there has been con-
siderable progress in rational design and re-engineering of
AMPs (Krauson et al. 2012; Wiedman et al. 2017; Chen
et al. 2019; Torres et al. 2018; Porto et al. 2018; Li et al.
2018; Haney et al. 2018; Mishra et al. 2019; Hu et al.
2020; Gong et al. 2019; Huang and Charron 2017). These
studies have shown that a small number of amino acid
mutations in a given sequence can significantly change
functional properties such as pore stability (Wiedman
et al. 2014), antimicrobial activity (Krauson et al. 2012;
Krauson et al. 2015; Libardo et al. 2017; Lakshmaiah
Narayana et al. 2020), pore size (Wiedman et al. 2014; Li
et al. 2018), membrane selectivity (Krauson et al. 2015),
and pH-dependent activity (Wiedman et al. 2015, 2017;
Kim et al. 2019; Mihailescu et al. 2019). Peptide length
also acts as an important factor. Ulrich et al. reported sev-
eral rationally designed helical peptides with repeated
KIAGKIA motifs with peptide length between 14 and 28
amino acids and showed that the peptide length can affect
its ability to penetrate and disrupt cell membranes (Grau-
Campistany et al. 2015, 2016).

The ultimate goal is to develop AMPs that can selectively
target specific membrane types in order to target pathogens
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with high potency, without harming host cells. A rational
joint in silico/experimental process has great potential for
such de novo AMP design (Chen et al. 2020a, b). In the
absence of reliable predictive rules for engineering the
activity of membrane permeabilizing peptides, a recent
breakthrough has been the use of synthetic molecular evo-
lution, which is accomplished with orthogonal screening of
a designed, iterative, combinatorial peptide library (Wied-
man et al. 2014, 2017; Li et al. 2018; Kim et al. 2019; Krau-
son, He, and Wimley 2012). Another strategy has been a
simulation-guided design approach (Chen et al. 2019),
which we have applied to develop a potent pore-forming
AMP starting from a membrane-spanning polyleucine helix
(Ulmschneider et al. 2014). This new synthetic 14-residue
AMP (sequence = GLLDLLKLLLKAAG), called LDKA,
consists of only five amino acids (glycine, aspartic acid,
lysine, leucine, and alanine) and shares similar sequences to
many short antimicrobial peptides (Chen et al. 2019; 2020a).
LDKA exhibits low micromolar antimicrobial activity and
forms pores in both anionic POPG (1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoglycerol) and neutral POPC (1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine) lipid vesicles at
low peptide-to-lipid ratios (P:L =1:1000) (Chen et al. 2019),
which is comparable to the potent pore-forming peptide,
melittin, and its gain-of-function analogue MelP5 (Wied-
man et al. 2014; Krauson et al. 2015).

Here, we explore whether we can rationally develop a
general pore-forming peptide into a selective pore-former
via a joint molecular dynamics (MD) simulation and an
experimental library-screening approach. We start by tuning
the hydrophobic moment and charge distribution to intro-
duce preferential binding and pore formation in charged and
neutral lipid bilayers and that this preferential binding cor-
relates to activity against human versus bacterial cells. We
demonstrate that relatively conservative sequence changes
of the LDKA template can indeed modulate the induced
preferential pore-forming potency in anionic versus neutral
lipid bilayers as well as the size of the pores formed. We
further demonstrate that these properties correlate well with
antimicrobial activity for specific bacteria and selectivity for
bacterial over human red blood cells.

Our results suggest that in vitro activity, lipid selectiv-
ity, and aggregation propensities of AMPs depend highly
on even the most conservative sequence changes. While the
broad underlying properties correlate with simple descrip-
tors that can be directly derived from the peptide sequence
(e.g., hydrophobic moment, overall charge, and amphiphilic-
ity), these quantities do not allow us to directly determine
which sequence will be selective, or porate membranes at all.
The peptides form a large repertoire of functional dynamic
and heterogeneous structures in the membrane, and each
sequence change can dramatically affect the oligomerization
propensity, structure of the aggregates, ability to porate, and

selectivity for different membrane compositions so desired
for pharmaceutical application. This suggests that ultimately
only structure (rather than sequence) based approaches, such
as direct pore aggregation and equilibrium simulations, will
enable predictive, rather than descriptive de novo AMP
design.

Methods
Combinatorial Peptide Library Synthesis

The synthesis of combinatorial peptide library was modi-
fied from the method described by Krauson et al. ( 2012).
Peptides library synthesis was performed using Tentagel®
NH, macrobeads (280-320 um bead diameter) particle size
(~ 65,550 beads/g) using Fmoc solid-phase peptide synthe-
sis. Each bead only has one peptide sequence. A photolinker
is attached between peptide and bead to allow the UV light-
induced cleavage of homogenous peptide from bead in each
well. The quality of the peptide library was verified by mass
spectrometry (e.g., MALDI) and Edman sequencing. After
placing one bead in each well of 96-well microplate, the
photolinker between peptide and bead was cleaved with 5 h
of low-power UV light on dry bead, which was spreading to
a dispersed single layer in a glass dish. The peptides were
each dissolved in DMSO, quantified by tryptophan absorb-
ance using nanodrop, and stored in — 20 °C freezer.

Bulk Peptides and Chemicals

The selected LDKA-like peptides were synthesized using
standard Fmoc chemistry and purified to 98% purity using
reverse phase HPLC by GenScript, Inc (Piscataway, NJ,
USA). The N-terminus was positively charged amine group
and C-terminus is neutral amide group. Peptide purity and
identity were confirmed by HPLC and ESI mass spectrom-
etry. The solubility test was performed by GenScript, Inc
(Table S1).

Large Unilamellar Vesicle (LUV) Preparation

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
(POPG), and hexadecanoyl sphingomyelin (Egg SM; PSM)
were purchased from Avanti Polar Lipids. Lipids were dis-
solved in chloroform, mixed, and dried under nitrogen gas in
a glass vial. Any remaining chloroform was removed under
vacuum overnight. To make LUVs, lipids were resuspended in
10 mM sodium phosphate buffer (pH7) with 100 mM potas-
sium chloride. LUVs were generated by extruding the lipid
suspension ten times through 0.1 um nuclepore polycarbonate
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filters to give LUVs of 100 nm diameter (MacDonald et al.
1991).

ANTS/DPX Leakage Assay

5 mM ANTS and 12.5 mM DPX were entrapped in 0.1 um
diameter extruded vesicles with lipids (Ladokhin et al. 1995;
Wimley et al. 1994). Gel filtration chromatography of Sepha-
dex G-100 (GE Healthcare Life Sciences Inc) was used to
remove external free ANTS/DPX from LUVs with entrapped
contents. LUVs were diluted to 0.5 mM and used to measure
the leakage activity by addition of aliquots of LDKA. Leakage
was measured after 3 h incubation. 10% Triton was used as
the positive control to measure the maximum leakage of the
vesicle. Fluorescence emission spectra were recorded using
excitation and emission wavelength of 350 nm and 510 nm
for ANTS/DPX using a BioTek Synergy H1 Hybrid Multi-
Mode Reader.

Macromolecule Release Assay

Several different size dextrans were prepared and labeled with
both TAMRA and biotin. Conjugated dextran was entrapped
in POPC LUVs as described above (Wiedman et al. 2014).
External dextran was removed by incubation with immobi-
lized streptavidin. Streptavidin labeled with an Alexa-488
fluorophore was added during the leakage experiment with
the peptide. The sample was incubated for 3 h before measur-
ing Alexa-488 fluorescence. A control without added peptide
served as the 0% leakage signal and addition of 0.05% vol.
Triton X-100 was used to determine 100% leakage.

Circular Dichroism (CD) Spectroscopy

LDKA solutions (50 pM) in 10 mM phosphate buffer (pH
7.0) were co-incubated with 800 pM POPC:POPG (1:1)
and POPC:CHOL (7:3) LUVs in identical buffer (see LUV
preparation above). CD spectra were recorded using the syn-
chrotron radiation circular dichroism beamline on ASTRID
at Aarhus University. Spectra were recorded from 270 to
170 nm with a step size of AA=0.5 nm, a bandwidth of
0.5 nm, and a dwell time of 2 s. Each spectrum was aver-
aged over 3 repeat scans. The averaged spectra were nor-
malized to molar ellipticity per residue. The raw data were
analyzed using DichroWeb <http://dichroweb.cryst.bbk.
ac.uk/> (Whitmore and Wallace 2004, 2008; Lobley et al.
2002).

Peptide Thermostability Enables Advanced
Sampling at High Temperatures

The LDKA peptide is resistant to thermal denaturation
when bound to the membrane and the simulated helicity is
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comparable to the experiments (Figure S1, Tables S2, and
S3) (Ulmschneider and Ulmschneider 2008; Ulmschneider
etal. 2010, 2011, 2014; Chen et al. 2014, 2019; Wang et al.
20164, b). This allows all simulation to be run at 120 °C,
increasing pore formation kinetics. We have previously dem-
onstrated that elevating the temperature does not change con-
formational equilibria or partitioning free energies of helical
membrane-active peptides, provided they are stable against
thermal denaturation (Figure S1 and Table S2); however,
the vast increase in sampling kinetics at high temperatures
allows simulation of peptide folding, bilayer partitioning,
and pore assembly without the need for advanced sampling
techniques that require additional information or may bias
the system (Ulmschneider and Ulmschneider 2008; Ulmsch-
neider et al. 2010, 2011, 2014; Chen et al. 2014, 2016, 2019;
Wang et al. 20164, b).

Tryptophan Fluorescent Binding Assay

The protocol was modified from the original methods
(Ladokhin et al. 2000; White et al. 1998). LDKA pep-
tides (50 uM) and POPC/POPG (600 uM) were prepared
in 10 mM phosphate buffer (pH 7.0). The solutions were
incubated and measured after 60 min. Excitation was fixed
at 280 nm (slit 9 nm) and emission was collected from 300
to 450 nm (slit 9 nm). The spectra were recorded using Syn-
ergy H1 Hybrid Multi-Mode Reader and Cytation™ 5 Cell
Imaging Multi-Mode Reader from BioTek and were aver-
aged by 3 scans.

Isothermal Titration Calorimetry (ITC)

ITC measurements with a MicroCal VP-ITC microcalorim-
eter (Microcal, Inc) were performed to determine the ther-
modynamic parameters of the peptide—lipid interactions
(Breukink et al. 2000; Abraham et al. 2005). The lipid vesi-
cle suspension (16.23 mM) was titrated into peptide solution
(100 uM) in the sample cell. All the samples were prepared
in 10 mM phosphate buffer (pH 7.0) and had been degassed
under vacuum for 30 min. The lipid solution was added in 6
pL aliquots into the reaction cell (volume =1.46 mL) con-
taining a 50 uM peptide solution with an injection dura-
tion of 12 s. The equilibration time between each titration
step was 15 min. A first titration of 6 pL. was disregarded to
ensure that a premixing of both solutions during the equili-
bration time did not affect the first titration step. The stirring
speed of the injection syringe was 307 rounds per minute.
The thermodynamic parameters were calculated using the
standard ITC software that utilizes stoichiometric model of
binding. Membrane partitioning, however, is not stoichio-
metric (White et al. 1998); consequently, the actual errors
in free energy determination might be larger due to cross
correlation of "n" and "Kd" fitting parameters.
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Bacterial Minimum Inhibitory Concentration (MIC)

Escherichia coli strain ATCC 25922, Staphylococcus
aureus strain ATCC 25923, and Pseudomonas aeruginosa
strain ATCC PAO1 were used in this study. Overnight cul-
tures were sub-cultured and diluted to an initial bacterial
cell density of ~3 x 10° colony forming units (CFU) per
mL in Lysogeny broth. Cell counts were determined by
measuring optical density at 600 nm (ODyy), with an opti-
mal sensitivity at ODg,,=0.3-0.6 in a 1 cm path-length
cuvette. ODg,,= 1 corresponds to 1.5x 108 CFU/mL for S.
aureus, 5x 10® CFU/mL for E. coli, and 2.04 x 10 CFU/
mL for P. aeruginosa. Bacteria were added to peptide
(LDKA and indolicidin) dilutions (1.3, 2.0, 2.9, 4.4, 6.6,
9.9, 14.8,22.2, 33.3, 50.0, and 75.0 pM) and co-incubated
at 37 °C. After 12 h of incubation, the optical density
of the wells was recorded on a plate reader to determine
whether they were sterilized (ODg,, < 0.08) or were at
stationary phase growth (ODg,,>0.5). Intermediate val-
ues, which were rare, were considered positive for growth.
Average minimum sterilizing concentrations were calcu-
lated from the lowest peptide concentration that sterilized
the bacteria in each serial dilution. The samples were done
in sextuplet.

Biofilm

The formation of biofilm and quantification was modified
from the method described by O’ Toole et al. (2011). Escher-
ichia coli strain ATCC 25922, Staphylococcus aureus strain
ATCC 25923, and Pseudomonas aeruginosa ATCC PAO1
were overnight cultured to log phase ODg,,=0.3-0.6. The
overnight culture 1:100 was diluted into fresh medium for
biofilm assays and100 pL dilution was added to each well
and cultured at room temperature without shaking. After
48 h of incubation, the media were removed and each well
was rinsed with 150 pL water for three times. Elevated con-
centration of AMPs was prepared and the biofilm was treated
using total 150 pL volume in each well and incubated for 3 h
at room temperature and the supernatant was removed. Each
well was rinsed for three times using water. 150 pL of 1%
crystal violet was added in water to each well and the plate
was incubated at room temperature for 15 min. The plate
was rinsed three times with water to remove the free crystal
violet. The plate was turned upside down and dried for over-
night. 150 pL of 30% acetic acid was added in water to each
well of the plate to solubilize the crystal violet on the cells
and the plate was incubated at room temperature for 15 min.
100 pL of the solubilized crystal violet was tranferred to
another plate andthe absorbance was quantified at 550 nm
using Cytation™ 5 Cell Imaging Multi-Mode Reader from
BioTek.

Drug-Resistant Escherichia coli

Escherichia coli strain ATCC 25922 was overnight cultured
to log phase ODg,,=0.3-0.6. Initial bacterial cell density
was prepared with ~3 x 10> CFU/mL in LB broth in 96-well
plate. Bacteria were added to serially diluted antibiotics
(e.g., ceftazidime, ciprofloxacin, streptomycin, and gen-
tamicin) and co-incubated at 37 °C. After 12 h of incuba-
tion, the optical density of each well was recorded on a plate
reader to determine whether they were sterilized or were at
stationary phase growth. The E. coli which survived at the
highest antibiotic concentration (below or near the MIC) was
collected and cultured for another generation. This cycle is
repeated for 10 times until the E. coli gained resistance (two-
fold higher MIC than its wildtype) against the antibiotics.

Hemolysis Assay

Fresh human red blood cells were obtained from Interstate
Blood Bank, Inc., and thoroughly washed in PBS until the
supernatant was clear. hRBC concentration was determined
using a standard hemocytometer. In hemolysis assays, serial
dilutions of peptide were prepared, followed by the addi-
tion of 2x 103 hRBC/mL. After incubation for 1 h at 37
°C, the cells were centrifuged, and the released hemoglobin
was measured by optical absorbance of the heme group
(410 nm). Negative control was buffer only (0% lysis), and
the positive controls were 20 uM melittin and distilled water
(100% lysis). The measurements were made in triplicate.

Molecular Dynamics Simulations and Analysis

Unbiased all-atom MD simulations were performed and
analyzed using GROMACS 5.0.4 (Pronk et al. 2013) and
Hippo BETA simulation packages <http://www.biowerkzeu
g.com>, and VMD molecular visualization program (Hum-
phrey et al. 1996) <http://www.ks.uiuc.edu/Research/vmd/>.
The pdb structure of extended peptides (GL;KLG, LDKL,
and LDKA) was generated using Hippo BETA (see Tables
S1, S2, and S3). These initial structures were relaxed via
200 Monte Carlo steps, with water treated implicitly using
a Generalized Born solvent.

After relaxation, the peptides were placed in all-atom pep-
tide/lipid/water systems containing model membranes with
100 mM K and Cl ions using CHARMM-GUI (Lee et al.
2016) <http://www.charmm-gui.org/>. Four helical pep-
tides were initially placed on both interfaces of the bilayer
and equilibrated and relaxed for ~ 600 ns. After equilibra-
tion, the system was multiplied by 2 X 2 matrix in both the x
and y directions and results in a bigger system with total 16
surface-bound peptides on the bilayer, 192 total lipid mol-
ecules, 8200 water molecules, and typical box dimensions of
92x92x 67 A. The simulations were performed at 120 °C

@ Springer


http://www.biowerkzeug.com
http://www.biowerkzeug.com
http://www.ks.uiuc.edu/Research/vmd/
http://www.charmm-gui.org/

80

C.H.Chenetal.

to speed up the kinetics, and we confirmed their simulated
helicity with the liquid-state circular dichroism spectroscopy
(Figure S1 and Table S2). MD simulations were performed
with GROMACS 5.0.4 using the CHARMM36 force field
(Huang and MacKerell 2013), in conjunction with the TIP3P
water model (Jorgensen et al. 1983). Electrostatic interac-
tions were computed using PME, and a cut-off of 10 A was
used for van der Waals interactions. Bonds involving hydro-
gen atoms were constrained using LINCS. The integration
time-step was 2 fs and neighbor lists were updated every five
steps. All simulations were performed in the NPT ensemble,
without any restraints or biasing potentials. Water and the
protein were each coupled separately to a heat bath with a
time constant 7,=0.5 ps using velocity rescale temperature
coupling. The atmospheric pressure of 1 bar was maintained
using weak semi-isotropic pressure coupling with compress-
ibility k,=x,,=4.6 - 1073 bar~! and time constant z,= 1 ps.

Oligomer Population Analysis

In order to reveal the most populated pore assemblies dur-
ing the simulations, a complete list of all oligomers was
constructed for each trajectory frame. An oligomer of order
n was considered any set of n peptides that are in mutual
contact, defined as a heavy-atom (N, C, O) minimum dis-
tance of <3.5 A. Frequently, this definition overcounts the
oligomeric state due to numerous transient surface-bound
(S-state) peptides that are only loosely attached to the trans-
membrane inserted peptides that make up the core of the
oligomer. These S-state peptides frequently change position
or drift on and off the stable part of the pore. To focus the
analysis on true longer-lived TM pores, a cut-off criterion
of 65° was introduced for the tilt angle 7 of the peptides.
Any peptide with 7> 65° was considered in the S-state and
removed from the oligomeric analysis. This strategy greatly
reduced the noise in the oligomeric clustering algorithm by
focusing on the true longer-lived pore structures. Population
plots of the occupation percentage of oligomer n multiplied
by its number of peptides n were then constructed. These
reveal how much peptide mass was concentrated in which
oligomeric state during the simulation time.

Results
Peptide Design

LDKA is a small pore-former in neutral POPC and anionic
POPG vesicles and has low micromolar antimicrobial activ-
ity against bacteria. The goal of this library is to explore
whether simple rearrangements of the LDKA sequence using
four amino acids (Leu, Asp, Lys, and Ala) will allow modu-
lation of pore-forming potential, pore size, and targeting of

@ Springer

specific membrane compositions. To achieve this, we have
designed a combinatorial peptide library containing 2916
LDKA analogues (Fig. 1a, b). The LDKA template sequence
was mutated in order to: (i) adjust peptide hydrophobicity,
(ii) promote more salt bridge formation between the pep-
tides, (iii) introduce a central proline kink to the structure,
and (iv) substitute more positively charged residues on the
C-terminus, which is one of the common motifs in the Anti-
microbial Peptide Database (APD;, http://aps.unmc.edu/AP)
(Wang et al. 2016a).

Peptide hydrophobicity is modulated by interchanging
leucine and alanine residues as well as substituting more
positive (lysine) and negative charges (aspartic acid) in the
sequence. The goal of these mutations is to fine-tune the pep-
tide solubility and membrane partitioning. To further allow
for more structural plasticity of the peptide, we introduced
a proline near the center of the peptide sequence, which is
common in naturally occurring AMPs (Sani et al. 2015; Fer-
nandez et al. 2013). More charged residues (aspartic acid
and lysine) were introduced to both facilitate inter-peptide
salt bridge formation and strengthen the peptide—peptide
interface (Walther and Ulrich 2014), as well as to allow for
a more polar central pore enabling larger multimeric channel
structures (Chen et al. 2019; Wang et al. 2016a, b). Addi-
tional positive charges were introduced at the C-terminus
to enhance peptide binding to anionic lipids, which is a
common motif in many antimicrobial peptides from natural
sources, such as Hylaseptin-P1 (Chen et al. 2020a; Prates
et al. 2004), Hylain 2 (Wu et al. 2011), melittin (Dempsey
et al. 1991; Rex 2000), and maculatin (Fernandez et al. 2013;
Sani et al. 2015).

Membrane-Specific Poration and Pore Size

The potency and membrane selectivity of the 2,916 LDKA
library peptides for zwitterionic (POPC) and anionic (POPG)
large unilamellar vesicles (LUVs) were evaluated using a
high-throughput liposome leakage screen. This approach
allows us to detect and quantify the release of small fluores-
cent dye ANTS (8-aminonaphthalene-1,3,6-trisulfonic acid
disodium salt; MW =427 Da) and its fluorescent quencher
DPX (p-xylene-bis-pyridinium bromide; MW =422 Da)
encapsulated in LUVs after addition of the library peptides.
Neutral POPC LUVs serve as a simple model for mam-
malian membranes, while charged POPG LUVs serve as a
very simplistic model for bacterial membranes enriched in
anionic lipids.

Figure 1c demonstrates the fluorescent dye leakage
fraction from both neutral and charged LUVs after the
addition of the library peptides. In this study, 11.2% of
the LDKA analogues have POPG-favorable selectivity
and induce > 50% encapsulated dye leakage from charged
POPG LUVs at low peptide concentration (P:L =1:1000),
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Fig. 1 Peptide design and screening of the LDKA library contains
2916 variants. a Amino acid sequence of LDKA and its variants in
the combinatorial peptide library. b Helical wheel projection of
LDKA showing charged and hydrophobic faces of the helix, which
assumes it is a 100% helical configuration. Red and blue symbols pre-
sent charged residues: negative charged and positive charged, respec-
tively. Proline acts as a kink in the helix, and it is shown as green
symbols. Other hydrophobic (leucine) and small (glycine and alanine)
residues are indicated as gray symbols. ¢ High-throughput screen of
LDKA peptide library induces fluorescent dye (ANTS/DPX) leak-
age from each POPC (x-axis) and POPG (y-axis) LUVs in 10 mM

while 0.4% cause leakage from neutral POPC LUVs only,
and 6.6% disrupt both POPC and POPG LUVs. LDKA
analogues that induce > 90% dye leakage from POPC and
POPG LUVs were screened for their ability to induce leak-
age of a larger 3-kDa TAMRA-biotin-dextran (TBD) dye
(Wiedman et al. 2014). Several LDKA-like peptides form

phosphate buffer at pH 7.0. Fluorescent dye release above 90% from
POPC and POPG LUVs are highlighted in green areas, respectively,
and the selected peptides were further analyzed their pore sizes using
macromolecular fluorescent dye (3-kDa dextran). The selected LDKA
library variants induce 3-kDa dextran releasing from each d POPC
and e POPG LUVs. 10% Triton was used as a positive control to
measure the maximum leakage of the vesicle (100% leakage), and the
vesicle incubated in the phosphate buffer was used as a negative con-
trol (0% leakage). Hylaseptin-P1 (HSP1), a natural antimicrobial pep-
tide from Polka-dot tree frog and has a similar sequence to LDKA,
was used as a reference for comparison (Color figure online)

larger pores in POPG vesicles, while the pores induced in
POPC vesicles are generally smaller (Fig. 1d, e).

Eight LDKA peptides with different lipid selectivity and
pore sizes were selected from the high-throughput screen
and sequenced using Edman degradation (Laursen 1971).
Table 1 shows that these peptides have 1-4 mutations
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Table 1 LDKA and its selected variants induce fluorescent dyes (ANTS/DPX and 3-kDa) release from each POPC and POPG LUVs with

P:L=1:1000 at pH 7 phosphate buffer

Pore size LDKA Sequence’ ANTS/DPX 3-kDa dextran Charge Hydro-
POPC POPG POPC  POPG phobic
% 1% % %] moment
PG>PC Large* WT GLLDLLKLLLKAAG_ 72 92 25 89 +1 4.24
Non-selective Small 7F3 GLADLAKLLLKLLGW 79 100 1 47 +2 4.15
Large 28H6 GLLDLLKLLLKLAGW 89 99 40 67 +2 3.41
Large* 25B2 GLDDLAKLLLKLAGW 88 93 2 100 +1 4.78
PC>PG Small 4H9 GLDDLLKALLKAAGW 100 41 0 - +1 4.09
PG>PC Small 7D12 GLLDDAKLLAKLAGW 0 97 - 18 +1 1.92
Small 7G6 GLLDLPKALAKALGW 40 99 - 0 +2 3.32
Large 11D12  GLADAAKLLLKAAGW 2 95 - 58 +2 2.55
Large 24F1 GLLDAAKLLAKAAGW 9 94 - 69 +2 235

The fluorescent dye leakage fraction has been normalized to fit between 0 and 100% by the positive control (LUV with potent peptide) and nega-

tive control (LUV with non-active peptide)
"N-terminus is free, C-terminus: -NH,

#Large pore for PG only

compared to the LDKA template sequence. The most com-
mon mutation is leucine to alanine, occurring 13 times and
in a total of 7 of the 8 peptides. Alanine to leucine occurred
6 times in 5 peptides, leucine to aspartic acid occurred 3
times in 3 peptides, and leucine to proline occurred once.

The analysis of selected peptide sequences showed posi-
tive-charged lysine is not a favorable substitution in the non-
polar face of the LDKA template helix and the C-terminal
motif (positions 6, 8, 10, 12, and 13). Instead, hydrophobic
leucine and alanine are more preferable. This is in agreement
with the evolutionary derivatives of 26-residue melittin, in
that the positively charged amino acids (lysine and arginine)
are less likely to be favored in the non-polar face (Krauson
et al. 2012, 2015).

Other than fixed lysine at positions 7 and 11, no addi-
tional lysine residues were observed in the analogues.
Additional aspartic acids were observed at position 3 and
5, which is right next to the fixed aspartic acid at position
4 that can further promote salt bridge formation in peptide-
peptide interactions. The net charges of these analogues
are between+ 1 and + 2, and they are consistent with the
majority (net charge+ 1) of AMPs in the APD (Mishra and
Wang 2012; Wang et al. 2016a). This shows that cationic
residues can promote peptide binding to anionic bacterial
membranes; however, more cationic charges may result in
lower hydrophobicity and higher energy barriers to cross the
hydrophobic core of membranes. Therefore, a longer pep-
tide length is needed to strengthen the hydrophobicity when
the sequence contains more charges. A natural membrane-
active peptide, melittin (sequence: GIGAVLKVLTTGL-
PALISWIKRKRQQ-Amide), is a good example. Although
it has four positive charges (-KRKR-) in its C-terminus,
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longer peptide length (26 amino acids) and the hydrophobic
N-terminus (GIGAVLKVL-) make it hydrophobic enough
to span cell membranes.

Table 1 reveals that leucine to alanine mutations are
generally sufficient to prevent poration in neutral POPC
membranes, while the peptides still porate charged POPG
membranes, which is similar to the L16G mutation of melit-
tin (Krauson et al. 2015). More specifically, the LDKA ana-
logues that only induce ANTS/DPX leakage from anionic
POPG LUVs have 4-5 leucines, while the analogues that
can porate both POPC and POPG LUVs have 6-7 leucines
in their sequences. The net charge of all LDKA wildtype and
analogues is between+ 1 and + 2, and we did not observe
any anionic peptide, neutral peptide, or peptide that has net
charge greater than+ 2. This suggests that the membrane
selectivity is driven by hydrophobic moment to POPC but
including electrostatics on POPG.

Binding to Mixed Membranes

To investigate the root cause of the different leakage prefer-
ences of LDKA analogues for POPC and POPG membranes,
we studied the binding and secondary structural properties
of LDKA analogues using tryptophan fluorescence and cir-
cular dichroism (CD) spectroscopy, respectively. Peptide
solutions (50 uM peptide concentration) were titrated with
POPC and POPG LUVs (between 0 and 5 mM) and the cor-
responding changes of tryptophan fluorescent spectra were
collected, yielding binding free energies and helicities of
the peptides, albeit without any structural information on
the underlying poration process (Fig. 2).
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Fig.2 Tryptophan fluorescence binding assay shows the binding
strength of the LDKA analogues (50 uM peptide concentration) with
each titrated zwitterionic POPC and anionic POPG LUVs from 0 to
5 mM lipid concentration in 200 mM phosphate buffer at pH 7.4.
Different colors of the spectra from dark red to light red indicate

Further studies were performed to answer why some
peptides (i.e., 7D12, 7G6, 28H6, 11D12, and 24F1) show
selectivity for either membrane type. First, we character-
ized peptide secondary structural changes and binding to
LUVs containing binary mixtures of POPC and POPG
lipids. Figure 3 (7D12, 7G6, and 28H6) and Fig. 4 (11D12
and 24F1) show changes in the tryptophan fluorescence and
CD spectra for these peptides upon addition of LUVs for
whom the ratio of POPG was elevated from 0 to 100% with
20% increments (0, 20, 40, 60, 80, and 100% POPG). These

the increased peptide-to-lipid (P:L) ratio between P:L=1:0.5 and
P:L=1:100, and the peptide-only without any lipid (P:L=1:0) in
the buffer is shown as dark gray. The vertical dashed line at 350 nm
wavelength represents as a reference, which is the emission wave-
length of free tryptophan (Color figure online)

analogues are sensitive to the anionic POPG lipid and have
significant structural change with small PG fraction (20%
POPG), except 7D12 which is less sensitive to anionic lipid.
These membrane-selective peptides only bind to POPG and
show little or no binding to POPC, which is consistent to our
liposome leakage assay.

Peptide solutions (50 uM peptide concentration) were
titrated with POPC and POPG LUVs (between 0 and
5 mM) and the corresponding changes of tryptophan fluo-
rescent spectra were collected (Fig. 2). Most of the peptides
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Fig. 3 Peptide binding and folding of 7G6 (left), 7D12 (middle), and
28H6 (right) onto binary mixtures of charged lipid (POPG) and neu-
tral lipid (POPC) LUVs. a Circular dichroism spectroscopy and b
tryptophan fluorescent binding assay of LDKA peptides (50 uM) at
P:L=1:12 in 600 uM POPC/POPG LUVs with different lipid com-
positions: no lipid (black), 100% POPC (red), 80% POPC and 20%

have tryptophan fluorescence peaks at~348 nm, indicative
of monomeric peptides or low multimeric soluble aggre-
gates. Change of the maximum wavelength indicates the
tryptophan is either in the aqueous phase or surrounded in
the hydrophobic region. It can correlate to the partitioning
between water and lipid phases and gives a rough measure
of the binding for each peptide with different lipids. This
technique can be limited because some peptides (e.g., 7F3
and 28H6) can fold as helix and form multimeric soluble
aggregate in the aqueous phase or at higher concentration
that bury the tryptophan in the hydrophobic core. 7F3 and
28H6 show maximum fluorescent emission of ~331 nm in
phosphate buffer, suggesting aggregate formation due to
the potential concentration-dependency of the helical fold,
and it results in the blue-shifted spectra and smaller spectral
widths.

We further performed CD spectroscopy to study the
secondary structure of these peptides with each POPC
and POPG LUVs at elevated temperature (Figure S1 and
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POPG (green), 60% POPC and 40% POPG (purple), 40% POPC and
60% POPG (dark blue), 20% POPC and 80% POPG (orange), and
100% POPG (light blue). The experiments were performed in 10 mM
phosphate buffer at pH 7.0. The ellipticity of 222 nm wavelength
versus POPG content was shown in the upper right in the circular
dichroism panels (part a) (Color figure online)

Table S2). CD spectroscopy shows that all the toxic pep-
tides are helical structure (54-75% helicity) in the solu-
tion, and membrane-selective peptides are mostly coiled
structure (22-38% helicity). The secondary structure of the
peptides in solution explains why these LDKA analogues
have selectivity toward different membrane types and result
in different binding free energy. Coiled structure exposes
its intramolecular hydrogen bonds to water that make the
compound more polar; in opposite, helical structure makes
it more hydrophobic. Therefore, toxic peptides have higher
helical content and strong interaction with both membrane
types. Interestingly, 28H6 only folds as beta-strand structure
in POPG LUYV, and the temperature at 95 °C can break the
intermolecular hydrogen bonds and reverse it to helix. As
expected, the membrane-selective peptides fold as helix in
POPG LUV and have no response to POPC LUV. Most of
the helical structures are highly resistant to thermal dena-
turation (at 95 °C) when they once fold in the membrane
(Figure S1).
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(POPC) LUVs. a Circular dichroism spectroscopy and b tryptophan
fluorescent binding assay of LDKA peptides (50 uM) at P:L=1:12
in 600 pM POPC/POPG LUVs with different lipid compositions: no

The linear regression analysis shows strong correlation
between hydrophobic moments, helicity in POPC LUV, and
ANTS/DPX leakage fraction from POPC LUV (Fig. 5a). It
confirms the interaction between peptide and POPC LUV is
strongly dependent on the peptide’s hydrophobic moment;
however, it does not correlate to the membrane pore size.
Figure 5b shows that the helicity of a peptide is linearly
correlated to the hydrophobic moment, which is promoted
by the hydrophobicity. We further analyzed the AMPs from
APD that have peptide length between 5 and 30 amino acids,
which dominate > 50% peptide population (1500 AMPs) in
APD. We grouped the AMPs by their peptide length and

11D12

450 300

400
Wavelength (nm)

350 450

lipid (black), 100% POPC (red), 80% POPC and 20% POPG (green),
60% POPC and 40% POPG (purple), 40% POPC and 60% POPG

(dark blue), 20% POPC and 80% POPG (orange), and 100% POPG
(light blue). The experiments were performed in 10 mM phosphate

buffer at pH 7.0 (Color figure online)

averaged each of their net charge and hydrophobic moment.
It shows that increased hydrophobic moment corresponds to

higher net charge (Fig. 6a).

We analyzed the sequence of LDKA analogues and com-
pared them to the AMPs from APD that have same peptide
length to LDKA (Fig. 6b). It showed that the toxic LDKA
peptides have higher hydrophobic moment 3.41-4.78 than
membrane-selective LDKA peptides with hydrophobic
moment 1.92-3.32 (Table 1), which correspond to their spec-
ificity toward different membrane types (Fig. 6¢) and toxicity
to human red blood cell (Fig. 6d). We found hydrophobic
moment 3.37 is a cut-off between membrane-selective and
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Fig.5 Linear regression analysis of hydrophobic moment with
several experimental factors includes a hydrophobic moment and
fluorescent dye leakage fraction from POPC vesicle (y=37.249x
— 74.292; R*=0.801, where x is hydrophobic moment and y is the
ANTS/DPX leakage fraction from POPC vesicle in percentage), and

toxic peptides in the LDKA library peptides. However, the
cut-off may shift in different peptide length and charge dis-
tribution (Fig. 6e—h and Table S5); therefore, bigger sample
size is necessary to improve this sequence-based prediction
of membrane selectivity.

Simulations of Two Similar Sequences

The information gained from the experimental screen is
limited in that there is an absence of a nuanced correla-
tion between simple peptide descriptors and selectivity and
leakage propensity. Since a multitude of AMP structures
can cause membrane permeabilization (Guha et al. 2019),
it is critical to identify which overall mechanism applies
for the chosen library template. Without knowledge of pore
structures in the membrane, it is difficult to explain the role
of individual sequence changes on both selectivity and
poration ability, rendering the design process blind. Here,
computer simulations offer to fill in the missing informa-
tion. We have demonstrated before for numerous peptide/
membrane systems that long-scale equilibrium MD simula-
tions are now able to directly generate aggregate structures
in different membrane types from peptide sequence alone
(Chen et al. 2020a, b; Wang et al. 2016a, b). The computa-
tional effort is—for now—enormous, so only a small sub-
set of the LDKA library was chosen for structural investi-
gation, focusing on 2 peptides that are almost similar but
have very different membrane selectivity: 25B2 (sequence:
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b hydrophobic moment and helical structure in phosphate buffer
(y=14.635x — 0.877; R*=0.555) and with POPC vesicle (y=20.853x
— 13.72; R*=0.907). Blue dots represent the peptide in POPC vesi-
cle, and orange squares represent the peptide in buffer. x means
hydrophobic moment, and y means helicity (%) (Color figure online)

GLDDLAKLLLKLAGW-Amide) and 7D12 (sequence:
GLLDDAKLLAKLAGW-Amide). Despite very similar
sequences, 25B2 (toxic, i.e., non-selective peptide) causes
fluorescent dye leakage from both POPC and POPG LUV,
and 7D12 (membrane-selective peptide) only porates POPG
LUVs without disturbing POPC membranes. We sought to
observe how these library peptides lyse their target mem-
branes, and how almost identical sequences can have vastly
different binding properties.

Ab-initio pore prediction simulations are costly. In addi-
tion to limiting ourselves to the two sample sequences, sev-
eral lessons from our prior simulation studies were incorpo-
rated. Firstly, sufficiently hydrophobic peptides all exhibit a
surface state in the simulations, so the simulations started
from folded helices in that state. Much longer simulations
would be needed to directly show the adsorption from an
initial solvated state distant from the membrane. Secondly,
peptides were placed in both interfaces. This accelerates the
prediction of the equilibrium pore states, as peptides usually
translocate in the long run, even monomerically for a highly
charged AMP like PGLa (Ulmschneider 2017). Attacking
the membrane only from one leaflet would be the correct
setup but require much longer simulations as the mass has to
be first balanced in both leaflets, before equilibrium poration
conditions are met.

Both peptides have a net charge+ 1 and have the same
C-terminal motif (-KLAGW-Amide). The only differences
are (i) aspartic acid shifts from position 3 in 25B2 to position
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Fig.6 Sequence analysis of antimicrobial peptide database and
LDKA peptide library. a Net charge versus hydrophobic moment of
AMPs (peptide length between 5 and 30 amino acids) from APD.
Each data point is the average in each peptide length. b Net charge
versus hydrophobic moment of LDKA peptides and comparison
with the AMPs that have the same peptide length (15 amino acids)
from APD. Dash gray lines mean the average of net charge and
hydrophobic moment of AMPs that have 15 amino acids from APD.
¢ Ratio of ANTS/DPX leakage from each POPC and POPG LUVs
(P:L=1:1000) versus hydrophobic moment of LDKA peptides. The
value close to zero suggests the peptide has more selectivity toward
POPG. d Hemolytic activity of 75 uM LDKA peptides versus hydro-
phobic moment. e Hydrophobic moment, f net charge, g hydropho-
bic moment versus net charge, and h total charged residues of the
LDKA library peptides. Colors of data point present different pep-
tides: brown means the AMPs from APD, black means the LDKA
analogues, blue means the toxic LDKA peptides, and red means the
membrane-selective LDKA peptides (Color figure online)

5in 7D12, and (ii) hydrophobic position 10 where 25B2 is
leucine and 7D12 is alanine. A quick analysis shows these
simple modifications result in a hydrophobic dipole moment
of 4.8 in 25B2 and 1.9 in 7D12.

Mirroring the biophysical experiments, we performed
peptide-assembly simulations of 7D12 and 25B2 in both
POPC and POPG bilayers. (Fig. 7 and Table S3). Simu-
lations and experiments show that 25B2 results in higher
helical content than 7D12 (Tables S2 and S3). Similar to
our prior simulations of LDKA, the peptides spontaneously
insert and form a large number of heterogeneous oligomeric
pore structures. These can range from 3 to 9 peptides, with
a core of mainly 4-5 tilted TM inserted peptides, supported
by several surface-bound peptides that are more loosely
attached. Peptides can span the membrane under negative
mismatch, but often span only 2/3rds of the membrane,
and they are in partial overlap with other peptides in the
opposing leaflet that are similarly only 2/3rds inserted. Full
double-stacking can also occur occasionally, in which case
peptides are highly tilted, each centered in one leaflet. Pep-
tides align both parallel and anti-parallel at various levels of
insertion. The large number of charged sidechains, both cati-
onic and anionic, enables small water-filled bilayer channels
with many cross-peptide salt-bridges, pulling in both lipid
headgroups and ions. Peptides usually leave and join these
small aggregates, resulting in no overall stable structures but
rather in a wide variety of different pore assemblies. There
is substantial water and ion flux across these, with higher
oligomers yielding larger flux. Both cations and anions can
translocate across the pores, with a preference for cations in
the POPG simulations, presumably due to the more anionic
environment of the pore aggregates, where PG headgroups
are pulled into the membrane. The heterogenous nature of
the pore aggregates indicates a highly dynamic equilibrium
which is strongly influenced by individual sequence changes.
7D12 is shown to be selective: It does not insert and form
aggregates in POPC, but remains on the surface, indicating
that pore aggregates are not stable in this membrane, and
the surface state is preferred. The most likely explanation
is the strong partitioning penalty for anionic sidechains, as
discussed below.

Isothermal Titration Calorimetry

To directly compare the above simulations, we applied
isothermal titration calorimetry (ITC) to further character-
ize their thermodynamic parameters: enthalpy (AH) and
stoichiometry (N). Titration of POPC vesicle into mem-
brane-selective peptide 7D12 (100 uM peptide concentra-
tion) results in AH =0.1 kcal/mol (Fig. 7c, d), which is
consistent with the tryptophan fluorescent binding assay
that it is does not bind strongly to POPC vesicle (Fig. 2).
Titrating POPG vesicle into 100 pM 7D 12 has significant
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Fig.7 Multi-microsecond molecular dynamics simulations reveal the
spontaneous self-assembly of the membrane-selective peptide 7D12
and the toxic peptide 25B2 and their oligomeric structural ensembles
in POPC and POPG membranes. a and b Representative pore aggre-
gates (peptides colored blue (N-) to red (C-) terminal, lipid phos-
phates as orange beads), oligomeric occupation plots (blue =S-state,
yellow =single TM, red-dark =higher TM oligomers, overall distribu-
tion on right), and cross-membrane water and ion flux caused by the

heat release (AH = — 3.4 kcal/mol) with the stoichiometry
of 11 lipids per peptide (N=11). On the other hand, the
toxic peptide 25B2 with titrated POPC and POPG vesicles
shows AH=— (4.7-4.9) kcal/mol, and they both have the
same stoichiometry of N=35 lipids per peptide.
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pore assemblies. ¢ and d Isothermal titration calorimetry of the heat
release/absorption of the peptide-lipid interactions. The integrated
ITC data curve of 7D12 and 25B2 with each POPC and POPG LUVs
is also shown. The concentration is fixed at 100 uM with titrated lipid
LUVs in 10 mM phosphate buffer at pH 7.0. The ITC data are con-
sistent with the simulation results for the binding selectivity of 7D12
for POPG (Color figure online)

The results of MD simulations and ITC are consistent.
7D12 in POPG, and 25B2 in both membrane types assem-
bled channel-like architectures in MD simulations and
showed significant heat release in ITC. In contrast, 7D12
in POPC bilayers neither formed any structure, nor induced
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any heat release/absorption. Thus, there is a remarkable
agreement between experiments and simulations. The lower
hydrophobic moment of 7D12 appears to explain the less
thermostable helical structures than other peptides (Figure
S1), and the unfolded structures are more disordered than the
helical structure of 25B2 as compared to what we observed
in ITC (Fig. 7c, d). Therefore, it suggests hydrophobic
moment is a determinant to promote membrane selectivity.

Hemolysis and Antibacterial Activity

To test toxicity of the LDKA analogues against human
cells, we performed a hemolysis assay (Fig. 8a). LDKA
wildtype is hemolytic at moderate micromolar concentra-
tions with a hemolytic concentration lysing 50% of red
blood cells (HCy,) of 55.1 uM (Table 2). The peptide-
induced POPC LUV leakage is correlated with the hemolytic
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Fig.8 Selected LDKA analogues and their in vitro hemolytic activ-
ity with human red blood cell. a Hemolytic activity with human red
blood cell varies in peptide concentration. Linear regression analysis
of b hemolysis (at 75 uM peptide concentration) versus ANTS/DPX
leakage fraction from POPC LUV (at P:L=1:1000). y=0.954x —

4.540 and R>=0.866, where x=ANTS/DPX leakage fraction (%) and
y=hemolytic activity (%). ¢ Linear regression analysis of hemolytic
fraction (at 75 uM peptide concentration) versus peptide helicity in
POPC LUV (at P:L=1:12). y=1.717x — 52.791; R?=0.777, where
x=helicity (%) and y=hemolytic activity (%)

Table 2 In vitro experiments

1 DKA anal h Pore size LDKA  Minimum inhibitory concentration Hemolysis
o A 08Tl FIOW (UM (ug/mL)] (MM (ug/mL)]
their minimum inhibitory
concentration with E. coli, S. E. coli S. aureus  MRSA P. aeruginosa  HCs,
aureus, and P. aeruginosa, and
hemolysis shows their hemolytic =~ PG>PC Large* WT 35+9 100 38+9  66x14 55.1
activity at the corresponding (24+6) (7x0) (26£6) (46+10) (38.3)
peptide concentrations Non-selective ~ Small 7F3 57428 3+l 29+7  NDA 1.1

B5+£17) (2=x1) (18+4) 0.7)
Large 28H6 NDA NDA NDA NDA 1.2
0.7)
Large* 25B2 2240 11+3 NDA NDA 355
(14+0) (7+2) (21.8)
PC>PG Small 4H9 33+14 66+16 NDA NDA 56.6
21+9) (42+10) (35.8)
PG>PC Small 7D12 NDA NDA NDA NDA >100
Small 7G6 19+5 NDA NDA NDA >100
(12+3)
Large 11D12  44+10 NDA NDA NDA >100
29+7)
Large 24F1 38+9 NDA NDA 66+16 >100
(25+6) (44+11)

HCj, presents the hemolytic activity of peptide concentration to kill 50% of human red blood cell. 75 uM
peptide concentration is the maximum amount that were tested

“NDA” means “not determinable”

#Large pore for PG only
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activity (Fig. 8b, c). The peptides that induce leakage from
POPC LUV at low peptide concentration (P:L =1:1000)
are hemolytic (HC5,=1-57 pM). More specifically, 7F3
(HCs5y=1.1 M) and 28H6 (HC5,=1.2 puM) are as powerful
as natural toxin melittin and its gain-of-function derivative
MelP5 (HCsy=1-3 uM) (Krauson et al. 2015). All POPG-
favorable peptides have no effect to human red blood cell,
even at 75 uM peptide concentration.

The real test is how selectively the selected peptides tar-
get and kill various bacteria. The antibacterial activity of
LDKA analogues against E. coli, S. aureus, and P. aerugi-
nosa was tested in vitro in nutritionally rich medium. LDKA
wildtype inhibits growth of all three bacteria at micromolar
peptide concentrations of a similar range to potent AMPs
from natural sources. From our screen, most of the POPG-
favorable peptides (7G6, 11D12, and 24F1) have antibacte-
rial activity and specificity against E. coli with 19-44 uM
minimum inhibitory concentration (MIC) but are not active
against other bacterial species: S. aureus and P. aeruginosa
(Table 2). The toxic peptides 7F3, 25B2, and 4H9 are effec-
tive inhibitors against E. coli and S. aureus, but not P. aer-
uginosa. The results show that these peptides have specific-
ity toward different bacterial species.

Activity Against Antibiotic-Resistant Strains

Bacteria can mutate and develop resistance against conven-
tional antibiotics (Willyard 2017; Rodriguez-Rojas et al.
2018; Chen and Lu 2020; Maria-Neto et al. 2015), which
mostly target specific proteins, ribosomes, or DNA. Anti-
microbial peptides exert their effects through a more gen-
eralized mechanism: membrane poration. We selected four
conventional antibiotics that have different mechanisms to
kill bacteria: ceftazidime, ciprofloxacin, streptomycin, and
gentamicin. Ceftazidime interferes with bacterial cell wall
formation (Richards and Brogden 1985; Yost and Ramphal
1985). Ciprofloxacin inhibits DNA gyrase, type II topoi-
somerase, and topoisomerase IV to separate bacterial DNA
and DNA replication, thus inhibiting cell division (Drlica
and Zhao 1997). Streptomycin and gentamicin inhibit
protein synthesis at the ribosome (Luzzatto, Apirion, and
Schlessinger 1968; Hahn and Sarre 1969). Drug-resistant E.
coli strain ATCC 25,922 cultures were grown in the presence
of each antibiotic at elevated concentration and the surviving
strains were selected to grow for 10 generations, resulting
in a 4- to 16-fold resistance to these antibiotics compared to
their 1st-generation strain (Fig. 9a).

LDKA analogues were tested against these four drug-
resistant E. coli cultures. Membrane-selective analogues
(7G6, 11D12, and 24F1) remain effective and consistently
inhibit the growth of ceftazidime-resistant, streptomycin-
resistant, and gentamicin-resistant E. coli strains with
27-44 uM peptide concentrations (Fig. 9b). Toxic peptides

@ Springer

(4H9, 7F3, and 25B2) are effective against ceftazidime-
resistant and gentamicin-resistant E. coli at low peptide con-
centrations (6—14 pM). Surprisingly, none of the peptides
are effective against the ciprofloxacin-resistant E. coli strain.

Activity Against Biofilms

In clinical settings, bacteria are mostly found in biofilms that
are the key drivers of infections (Costerton et al. 1999; Hall-
Stoodley et al. 2004). We therefore challenged our LDKA
analogues against bacterial biofilms, which are generally
much more resistant than planktonic equivalents (Stewart
and Costerton 2001). The results showed that the selected
LDKA analogues (4H9, 7F3, 25B2, 7G6, 11D12, and 24F1)
can eliminate ~50% of the E. coli biofilm in the presence
of 67-150 uM peptide. Only 7F3 is capable of reducing S.
aureus biofilms by ~50% with 100 uM peptide concentra-
tion, and none of the analogues work against P. aeruginosa
biofilms (Fig. 9c—e).

Discussion and Conclusions

In this study, we used the leucine-rich membrane-active pep-
tide LDKA as a sequence template in order to test whether
the combination of database-guided combinatorial peptide
library screening, and direct MD simulation of membrane
aggregation, can tune the template to significantly change
its secondary structure, potency, and membrane specificity.
Similar rational combinatorial design has been used before
to develop and tune the activity of other AMPs (Krauson
et al. 2012, 2015; NesSuta et al. 2016; Sani et al. 2015). The
LDKA library peptides were designed using only four dif-
ferent amino acids (Asp, Lys, Leu, and Ala) in a template
sequence of GxxDxxKxxxKxxGW-Amide, where ‘x’ rep-
resents one of the four amino acids. Our LDKA analogues
reveal that a small number of conservative substitutions (Leu
to Ala) in the LDKA sequence can dramatically change the
selectivity toward different membrane types (anionic and
neutral LUVs), resulting in specificity to different bacteria
species and human red blood cells. This is consistent with
Krauson et al., who showed a single-residue change of a
leucine at position 16 to glycine (L16G) can redirect the
general toxicity of melittin towards bacteria only, leaving
red blood cells unharmed (Krauson et al. 2015). A simi-
lar study introduced charged amino acids in the C-terminal
motif of HYL-20 peptide, fine-tuning the selectivity against
several bacteria strains with negligible hemolytic activity
(Nesuta et al. 2016). The fact that we did not observe this
feature in our LDKA peptide library suggests, again, that
simple generic structure—function rules are not applicable
to membrane-active peptides.
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Fig.9 LDKA analogues against four different drug-resistant E. coli
strains and bacterial biofilms. a Minimum inhibitory concentrations
(MICs) of four conventional antibiotics (ceftazidime, ciprofloxacin,
streptomycin, and gentamicin) were treated with serial E. coli gen-
erations. The E. coli that survives below/near the MICs was selected
for the next generation. b MICs of LDKA analogues (membrane-

The dependence of the drastic changes in selectiv-
ity and leakage propensity upon small sequence changes
demonstrates the limitation of overall macroscopic peptide
descriptors such as hydrophobic moment and polar angle
as design criteria. For example, the hydrophobic moment is
somewhat correlated to hemolytic activity (Fig. 6d), and the
LDKA peptide library suggests a hydrophobic moment of
3.37 as a cut-off for toxicity toward human red blood cells;
however, this does not apply to 26-residue peptide melittin
(hydrophobic moment=3.94) and its membrane-selective
analogue (hydrophobic moment = 3.44-3.46). Hydrophobic
moment estimates could be limited as they are based on a
single, perfectly helical peptides, and do not consider pep-
tide—peptide aggregates and assemblies, as observed in our
MD simulations (Eisenberg et al. 1982; Wimley and White
1996; Wimley et al. 1996; White and Wimley 1998, 1999;
ReiBler et al. 2014). Experimentally, fluorescent dye leak-
age from POPC vesicle is also a reliable model to predict

75 150 0 50
Peptide Concentration (uM)

100
Peptide Concentration (uM)

selective peptides: 24F1, 11D12, and 7G6; toxin peptides: 25B2,
7F3,, and 4H9) against four different strains of drug-resistant E. coli.
Antibacterial activity of LDKA analogues against quantitative biofilm
formation on polystyrene 96-well plate for 3 h treatment. Selected
analogues were tested with each ¢ Escherichia coli biofilm, d Staphy-
lococcus aureus biofilm, and e Pseudomonas aeruginosa biofilm

the hemolytic activity with a linear correlation (R-squared
value=0.87; Fig. 8b). It is similar to structure—function rela-
tionship that shows R-squared value 0.78 between helicity in
POPC LUV and hemolysis (Fig. 8c).

The absence of strong correlations between macroscopic
peptide descriptors and selectivity and leakage propensity
means detailed structural models are needed to show what
is going on. Advances in computer performance have ena-
bled long-scale (multi-ps), fully atomistic MD simulations
to provide that picture (Bennett et al. 2016; Leveritt et al.
2015; Pino-Angeles et al. 2016; Pino-Angeles and Lazaridis
2018; Lipkin et al. 2017; Sepehri et al. 2020; Perrin and
Pastor 2016; Perrin et al. 2016; Berkowitz 2016; Tieleman
2017; Wang et al. 2016a, b; Ulmschneider 2017). We have
demonstrated before that MD simulations are now able to
directly predict aggregate structures in membranes (Chen
et al. 2020a, b; Wang et al. 2016a, b; Ulmschneider 2017).
The simulations here show the atomic details of how these
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short membrane-spanning peptides selectively fold, aggre-
gate, and form water pores in specific lipid bilayers (Fig. 7).
Key to these simulations is that they are not stuck in ini-
tial conditions. The pore aggregates are predicted without
any prior information and fluctuate sufficiently to reveal the
major structural assemblies that these peptides are expected
to populate at either equilibrium, or during a membrane
permeabilization event. Structures are highly heterogenous.

The selectivity found in the experiments is reproduced
in the simulations: 7D12 only folds and assembles in ani-
onic POPG bilayers. There are no TM pores for 7D12 in
POPC, with the peptides staying on the membrane surface
and no noticeable water leakage. This demonstrates the
extreme effect even tiny sequence changes can have on the
pore-forming equilibrium. The experimental match is not
perfect though: The ITC data suggest not only no poration,
but also no binding to the membrane at all, i.e., not even the
initial surface state. Thus while correlated, there remains an
unexplained difference between the simulation and experi-
ments. Anionic sidechains are known for their steep inser-
tion penalties, where a single position shift can change the
S to TM equilibrium of the whole peptide by 2-3 kcal/mol
(Ulmschneider et al. 2018), so the reason for the lack of TM
insertion likely is the shift of the 2 Asp residues one position
towards the center of the peptide. The anionic membrane
allows insertion of both peptides as cationic counter-ions
are pulled more deeply into the interface, allowing also for
deeper insertion of anionic sidechains. The propensity of a
peptide sequence to aggregate and assemble in a given envi-
ronment depends in a highly complex and non-linear way
on the sequence. Therefore, purely sequence-based design
approaches are likely not suited for peptides that can form
such a large repertoire of functional structures.

How do the designed library peptides perform in killing
pathogens? Several minor mutations of LDKA can fine-tune
the potency and specificity to kill E. coli, but not harming
human red blood cells, S. aureus, and P. aeruginosa. Most
of the LDKA peptides are able to inhibit the growth of E.
coli with 19-57 uM peptide concentrations, except 28H6 and
7D12 that fail to treat E. coli. 7D12 has the lowest hydro-
phobic moment 1.92 that may not be strong enough to fold
and assemble in the bacterial membrane. Furthermore, the
surface protease OmpT on the outer membrane of the E.
coli may confer resistance to these leucine-rich peptides
by cleaving their peptide bonds and degrading the peptides
(McCarter et al. 2004). Our study suggests that small fluo-
rescent dye leakage assays with POPC LUVs are ideal mod-
els to quickly screen the AMPs for their hemolytic activity.
However, POPG LUVs did not have a good agreement with
the antibacterial activity and formation of different pore size
does not correlate to the in vitro activity in our study. It sug-
gests that POPG LU Vs are not an ideal model to predict anti-
bacterial activities because the lack of bacterial capsule, cell
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wall, and membrane proteins, and their physical properties
are completely different (Fleeman et al. 2020; Maria-Neto
et al. 2015). A more realistic vesicle model is needed to bet-
ter understand how antimicrobial peptides interact with the
bacteria and kill the target.

Antibiotic resistance is another serious threat. Half of the
LDKA analogues are able to inhibit the S. aureus, but many
of them fail to eliminate the super bug, methicillin-resistant
Staphylococcus aureus (MRSA) (Table 2). Although our
LDKA analogues are less or not effective against S. aureus
and P. aeruginosa, many of them are useful to eradicate E.
coli with negligible effect to human red blood cell. Remark-
ably, these LDKA peptides are active against drug-resistant
E. coli (Fig. 9a, b) and biofilm (Fig. 9c—e) with micromolar
peptide concentrations. It suggests membrane-perforating
peptides can be a route to suppress the drug resistance, but
more studies of the bacterial surface and a more realistic
vesicle models are needed.

Our study is just a first attempt to design membrane-
selective peptides via a joint match between experimental
library screening and MD simulation poration prediction.
The ultimate goal is computer-guided antibiotics design
(Torres and de la Fuente-Nunez 2019; Chen et al. 2019; Wu
et al. 2019; Yang et al. 2019; Rodnin et al. 2020), developing
potent antimicrobial peptides that have effective membrane
selectivity to distinguish between human red blood cells and
bacterial membranes, and even between different bacterial
species. The key advantage of in silico techniques is the
vastly larger combinatorial space that can be explored in
comparison to experimental library screening. In this study,
the large-scale all-atomistic simulation effort was limited
to only a few sequences and target membranes due to the
heavy resources required. However, the strong correlation to
the experimental results demonstrates the maturity of these
techniques. With rising computing power in the near future,
the library-screening effort will be shifted towards the com-
putational side. This combined experimental/computational
approach opens the path to apply these LDKA analogues,
and numerous other designed peptides to various different
biomedical applications, e.g., antibiotics, biosensors, and
drug delivery.
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